Blood vessels define local microenvironments in the skeletal system, play crucial roles in osteogenesis and provide niches for haematopoietic stem cells [1] [2] [3] [4] [5] [6] . The properties of nicheforming vessels and their changes in the ageing organism remain incompletely understood. Here we show that Notch signalling in endothelial cells leads to the expansion of haematopoietic stem cell niches in bone, which involves increases in CD31-positive capillaries and platelet-derived growth factor receptor-β (PDGFRβ)-positive perivascular cells, arteriole formation and elevated levels of cellular stem cell factor. Although endothelial hypoxia-inducible factor signalling promotes some of these changes, it fails to enhance vascular niche function because of a lack of arterialization and expansion of PDGFRβ-positive cells. In ageing mice, niche-forming vessels in the skeletal system are strongly reduced but can be restored by activation of endothelial Notch signalling. These findings indicate that vascular niches for haematopoietic stem cells are part of complex, age-dependent microenvironments involving multiple cell populations and vessel subtypes.
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Different vessel subtypes have distinct roles in the skeletal system. Veins drain the bone marrow (BM) cavity, while arteries deliver oxygen-rich blood and are thought to provide niches for quiescent haematopoietic stem cells (HSCs) 7 . Type H capillaries, characterized by high expression of CD31 (CD31 hi ) and endomucin (Emcn hi ), connect to arterioles (Extended Data Fig. 1a, b) , are surrounded by osteoprogenitors and release factors promoting osteogenesis 4, 6 . By contrast, type L (CD31 lo Emcn lo ) vessels, which correspond to BM sinusoids, lack arteriolar connections and osteoprogenitor association 4 . For deeper characterization of vessel subpopulations, we analysed bones from Efnb2 GFP/+ knock-in 8 mice (Extended Data Fig. 1c ), which express green fluorescent protein (GFP) under control of the gene encoding ephrin-B2, an arterial marker 9 . Efnb2 GFP/+ signals labelled arteries and distal arterioles, both of which lack Emcn expression, and the adjacent Emcn + type H endothelial cells (ECs) in metaphysis and endosteum (Extended Data Fig. 2a-c) . Quantitative PCR (qPCR) showed significantly higher expression of Efnb2 and Sox17, a transcription factor and regulator of arterial differentiation 10 , in sorted type H ECs relative to type L ECs (Extended Data Fig. 2d ). Immunostaining confirmed expression of Sox17, ephrin-B2 and Neuropilin-1 (Nrp1), another marker of arterial ECs, in arteries and type H capillaries ( Fig. 1a and Extended Data Fig. 3a-d) . Consistent with previous reports 2 , bone arteries also showed Sca-1 (Ly-6A/E) immunostaining, which extended to type H endothelium (Extended Data Fig. 3e, f) . Proliferation, a key feature of angiogenic vessel growth 11, 12 , was prominent in type H ECs and distal arterioles, whereas EdU labelling was negligible in α-smooth muscle actin (α-SMA)-covered arteries (Extended Data Fig. 3g-i) . Thus, arterioles and type H vessels are found in direct proximity and share many features distinguishing them from BM sinusoidal (type L) capillaries.
In addition to BM ECs, important roles in the regulation of HSCs have been attributed to the mesenchymal lineage and, in particular, Nestin + mesenchymal stem cells (MSCs) 13 . Cells expressing PDGFRβ, the receptor for platelet-derived growth factor B (PDGF-B) and a marker of pericytes and other mesenchymal cell types 14 , were primarily located around type H capillaries and arteries but not type L vessels ( Data Fig. 4e ). In addition, CD150 +
CD48
− cells were found in proximity to type H vasculature in thick cryosections (100 μm) of the metaphysis and endosteum (Extended Data Fig. 4f-i) .
Ageing is associated with changes in HSC number and quality 15, 16 , reduced skeletal blood flow 17 and alterations in BM stroma 18 . We have previously shown that type H ECs and associated osteoprogenitors decline significantly in adult and aged mice 4 . As type H capillaries connect to arterioles 6 , we compared the abundance of arteries in young (4-week-old) and aged (65-to 70-week-old) bone. Strikingly, aged tibiae contained fewer α-SMA-covered arteries and Efnb2 + ECs (Fig. 1c and Extended Data Fig. 5a, b) . Likewise, the abundance of PDGFRβ + or NG2
+ perivascular cells was reduced in aged long bone ( Fig. 1d and Extended Data Fig. 5d, e) . Stem cell factor (SCF) is a cytokine with crucial roles in HSC homing and maintenance 1, 19 . CD31
hi Emcn hi ECs in the metaphysis and endosteum as well as vessel-associated cells covering type H capillaries and arteries were strongly positive for SCF, whereas expression in diaphyseal type L vasculature was weaker (Fig. 1e) . Accordingly, expression of the Kitl gene encoding murine SCF was significantly higher in freshly isolated type H relative to type L ECs (Extended Data Fig. 5c ). Consistent with the reduction of arterioles, type H capillaries and PDGFRβ + /NG2 + perivascular cells, SCF levels also declined in aged mice (Fig. 1e) .
The Notch pathway promotes artery formation, and the abundance of small calibre arterioles and type H ECs was strongly increased in EC-specific Notch gain-of-function mutant bone 6 . Analysis of Notch1 activity in bone from NICD-Cre knock-in mice 20 in the Rosa26-mT/mG 21 Cre reporter background showed recombination (GFP signal) in type H ECs, perivascular cells in metaphysis and endosteum, and in arteries (Extended Data Fig. 5f-h Fig. 7h-j) . Notch3 expression was not detectable in bone ECs (Extended Data Fig. 7k ).
Similar to Notch, the hypoxia-inducible factor (HIF) pathway positively controls type H EC and osteoprogenitor abundance 4 . The metabolic environment, oxygenation (pimonidazole staining) and expression of Hif1a and Epas1 (Hif2a) in bone change during ageing (Extended Data Fig. 8a, b) . In addition to its oxygen-dependent degradation, the activity and expression of HIF-1α are promoted by growth factors and cytokines via activation of the phosphatidylinositol 3-kinase (PI3K) or mitogen-activated protein kinase (MAPK) pathways 24 . Expression of several growth factors and cytokines as well as levels of the phosphorylated MAPK extracellular signal-regulated kinase (ERK) were reduced in aged metaphysis (Extended Data Fig. 8c, d ), which might explain the age-dependent reduction in endothelial Hif1a. The von Hippel-Lindau (VHL) protein is involved in the degradation of HIF, and EC-specific inactivation of the Vhl gene led to a striking expansion of type H vasculature and perivascular osteoprogenitors 4 .
Highlighting the essential role of HIF-1α in these VHL-mediated effects, loss of type H ECs and reduced expression of EC-derived growth factors were not reversed in Hif1a
iΔEC Vhl iΔEC double mutants (Extended Data Fig. 8e-g ). In addition to decreased type H ECs, Hif1a iΔEC mutants exhibited significant reductions in Sca1 + ECs, ephrin-B2 + ECs, PDGFRβ + perivascular cells, SCF levels and HSC frequency ( Arterial development frequently involves the incorporation of ECs from surrounding capillaries 25, 26 . As larger arteries were devoid of HIF-1α signal (Extended Data Fig. 9a ), Hif1a iΔEC arterial defects might be caused by alterations in adjacent type H capillaries. Indeed, despite increased type H ECs in Vhl iΔEC mice, these mutants did not show significant increases in morphologically identifiable arterioles, Sca1
+ ephrin-B2 + ECs and PDGFRβ + perivascular cells (Fig. 3c , e and Extended Data Figs 8k, l and 9b, c). Although secreted SCF levels were elevated, cellular SCF levels were not significantly altered and HSC frequency was not increased in Vhl iΔEC mutants (Fig. 3d, f) . These results are consistent with previous studies demonstrating membrane-bound SCF as a more potent stimulator of c-Kit and effective driver of HSC adhesion in BM relative to secreted SCF 27, 28 . In cultured primary bone ECs and PDGFRβ + cells, HIF stabilization induced by deferoxamine mesylate (DFM) significantly increased secreted but not cellular/membrane-bound SCF (Extended Data Fig. 9d , e).
To further dissect the differences and potential interplay between endothelial Notch and HIF signalling, we generated Hif1a Fig. 9f ). Analysis of double mutants also corroborated Notch signalling as being essential for expansion of PDGFRβ + perivascular cells, elevation of cellular SCF levels and enhancement of HSC numbers (Extended Data Fig. 9g-i ). An important role of perivascular cells was further supported by findings in Pdgfb iOE-EC mice overexpressing PDGF-B in ECs. Pdgfb iOE-EC tibiae contained more PDGFRβ + and α-SMA + cells and had higher levels of cellular SCF and a higher frequency of HSCs ( Fig. 3g-j) . Taken together, endothelial Notch but not HIF signalling can enhance the frequency of HSCs by improving key aspects of vascular niche function-namely arteries, type H ECs, perivascular cells and cellular SCF production. These effects are distinct from the previously reported role of the Notch ligand Jagged1 in ECs, which promotes haematopoiesis through Notch activation in Given the decline of arteries, type H capillaries and SCF levels during ageing, we next addressed whether Notch activation in aged mice would improve the niche properties of bone endothelium (Fig. 4a) . Remarkably, aged Fbxw7 iΔEC bones showed profound expansion of CD31 hi capillaries and CD31 + arterioles (Fig. 4b, c) . The numbers of ephrin-B2 + ECs and of PDGFRβ + or NG2 + perivascular cells, SCF levels and HSC frequency were significantly increased in mutants (Fig. 4c-g and Extended Data Fig. 10a ), establishing that vascular niche function can be enhanced in aged mice. Ageing is associated with an accumulation of HSCs, which display cell-intrinsic alterations such as DNA damage and reduced functionality 15, 30 . Consistent with these studies, increase in the donor-derived chimaerism could not be achieved upon transplantation of aged Fbxw7 iΔEC BM cells along with young competitor BM (Extended Data Fig. 10b ). Limiting dilution analysis, which allows the quantification of functional HSCs, indicated no statistically significant increase upon transplantation of aged Fbxw7 iΔEC BM cells relative to control (Extended Data Fig. 10c, d ). Analysis of DNA damage by γ-H2AX immunostaining also confirmed the persistence of age-related cell intrinsic impairments in Fbxw7 iΔEC HSCs (Extended Data Fig. 10e) . Thus, changes in the bone vasculature of old mice can boost the number of HSCs and progenitor cells but cannot restore the functionality of aged HSCs because of the persistence of cell-autonomous alterations.
Our results provide novel insight into the age-dependent changes occurring in the HSC niche. We propose that the enhancement of functional vascular niches in bone requires type H ECs, the formation of arterioles/arteries and the expansion of perivascular cells.
Thus, vascular HSC niches are complex microenvironments involving multiple different cell populations and vessel subtypes. Our findings also establish that manipulation of the endothelium is sufficient for the improvement of vascular HSC niche function, which suggests the existence of molecular pathways coupling the behaviour of ECs and perivascular mesenchymal cells in bone.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. For labelling of proliferating cells, mice were intraperitoneally injected with 300 μg of EdU (Invitrogen) 3 h before euthanasia. Tibiae were immediately collected and processed. BM cells and bone sections were stained for EdU using Click-iT chemistry following the manufacturer's instructions (Invitrogen).
For metabolic labelling with the hypoxia probe pimonidazole (Pimo, Hypoxyprobe), mutant and control mice were intraperitoneally injected with 60 mg/kg body weight Pimo at 2 h before euthanasia. Metabolized Pimo was detected by a rabbit antiserum against the non-oxidized, protein-conjugated form of pimonidazole (Hypoxyprobe).
All animals were genotyped by PCR. Protocols and primer sequences can be provided upon request. Experiments involving animals were performed according to the institutional guidelines and laws, following protocols approved by local animal ethics committees. Immunostaining of bone sections and cells. Freshly dissected bone tissues collected from wild-type mice or from mutants and their control littermates were immediately fixed in ice-cold 4% paraformaldehyde solution for 4 h. Decalcification was performed with 0.5 M EDTA at 4 °C with constant shaking and decalcified bones were immersed into 20% sucrose and 2% polyvinylpyrrolidone (PVP) solution for 24 h. Finally, the tissues were embedded and frozen in 8% gelatin (porcine) in presence of 20% sucrose and 2% PVP. For immunofluorescent stainings and morphological analyses, sections were generated using low-profile blades on a Leica CM3050 cryostat.
For phenotypic analysis, mutant and littermate control samples were always processed, sectioned, stained, imaged and analysed together at the same conditions and settings. For immunostaining, bone sections were air-dried, permeabilized for 10 min in 0.3% Triton X-100, blocked in 5% donkey serum at room temperature for 30 min and probed with the primary antibodies diluted in 5% donkey serum in PBS for 2 h at room temperature or overnight at 4 °C.
After primary antibody incubation (Supplementary Table 1) , sections were washed with PBS three times and incubated with appropriate Alexa Fluor-coupled secondary antibodies (1:400, Molecular Probes) for 1 h at room temperature. Nuclei were counterstained with DAPI. Sections were thoroughly washed with PBS before mounting them using FluoroMount-G (Southern Biotech). Finally, cover slips were sealed with nail polish.
Immunostaining of sorted HSCs and progenitor cells was performed as described previously 40 . Briefly, cells were pipetted onto poly-lysine coated slides, incubated for 10 min, fixed with 4% PFA for 10 min at room temperature, permeabilized in 0.15% Triton X-100 for 2 min at room temperature and blocked in 2% donkey serum overnight at 4 °C. Slides were then incubated for 2 h with the anti-phospho-H2AX, washed thrice and incubated with the appropriate secondary antibody. Image acquisition and quantitative analysis. Immunofluorescent stainings were analysed at high resolution with a Zeiss laser scanning confocal microscope, LSM-780. Z-stacks of images were processed and reconstructed in three dimensions with Imaris software (version 7.00, Bitplane). Imaris, Photoshop and Illustrator (Adobe) software were used for image processing in compliance with Nature's guidlines for digital images. All quantifications were done with ImageJ and Imaris software on high-resolution confocal images. Quantitative reverse transcription PCR. For the analysis of messenger RNA (mRNA) expression levels in type H or type L endothelium, CD31
hi Emcn hi and CD31
lo Emcn lo cells were sorted by FACS directly into the lysis buffer of the RNeasy Mini Kit (QIAGEN). Total RNA was isolated according to the manufacturer's protocol. A total of 100 ng RNA per reaction was used to generate complementary DNA (cDNA) with the iScript cDNA Synthesis System (Bio-Rad). qPCR was performed using TaqMan gene expression assays on an ABI PRISM 7900HT Sequence Detection System. The FAM-conjugated TaqMan probes Efnb2 and Sox17 were used along with TaqMan Gene Expression Master Mix (Applied Biosystems). Gene expression assays were normalized to endogenous VIC-conjugated Actb probes as standard. For analysis of mRNA expression levels from whole bones, dissected femurs or dissected metaphysis (as described in the figure legends) were immediately crushed finely, digested with collagenase and centrifuged to obtain a pellet, which was then lysed into lysis buffer of RNeasy Mini Kit (QIAGEN). For cells in culture, culture medium was completely removed and cells were immediately lysed with lysis buffer. A total of 500 ng RNA per reaction was used to generate cDNA with the iScript cDNA Synthesis System (Bio-Rad), which was further processed as described above. FAM-conjugated TaqMan probes Sp7, Cspg4, Pdgfrb, Sp7, Acan, Cfd, Hif1a, Epas1, Cxcl12, Fgf1, Kitl, Tgfb3, Tgfb1 and Vegfa were used along with TaqMan Gene Expression Master Mix (Applied Biosystems) to perform qPCR. Flow cytometry. For flow cytometric analysis and sorting of type H and type L ECs, tibiae and femurs were collected, cleaned thoroughly to remove the adherent muscles. The epiphysis was removed and only the metaphysis and diaphysis regions were processed. Tibiae were then crushed in ice cold PBS with mortar and pestle. Whole BM was digested with collagenase incubation at 37 °C for 20 min. Equal number of cells were then subjected to immunostaining with Emcn antibody (Santa Cruz, sc-65495) for 45 min. After washing, cells were stained with APCconjugated CD31 antibody (R&D Systems, FAB3628A) for 45 min and phycoerythrin-conjugated secondary anti-rat antibody. After washing, cells were acquired on a BD FACS Canto flow cytometer or BD FACSVerse and analysed using BD FACSDiva (version 6.0, BD Bioscience) or BD FACSuite software. Cell sorting was performed with a BD FACS Aria II.
For demarcating and sorting CD31 hi Emcn hi ECs, first standard quadrant gates were set. Subsequently, to differentiate CD31
hi Emcn hi cells from the total double positive cells in quadrant 2, gates were arbitrarily set at >10 4 log(Fl-4 (CD31-APC) fluorescence) and >10 4 log(Fl-2 (endomucin-PE) fluorescence). For the analysis of total ECs in bone, tibiae were processed as described above to obtain single-cell suspensions, which were stained with biotin-coupled CD45 (BD, 553077) or Ter119 (BD, 559971) antibodies for 45 min. After washing in PBS, cells were stained with Streptavidin PE-Cy5 (BD, 554062) and Alexa Fluor488-conjugated CD31 (R&D Systems, FAB3628G) antibodies for 45 min. After washing, cells were acquired on FACS Canto and FACS Verse flow cytometers and analysed using FACSDiva (version 6.0, BD Bioscience) and FACS Suite software respectively. Total bone ECs were quantified as CD31 -free PBS 2% heat-inactivated bovine serum. The cells were drawn by passing through a 25-gauge needle several times and filtered with a 70-μm filter. The obtained single-cell suspension obtained was subjected to lineage depletion (MACS, Miltenyi Biotech). Lineage-depleted BM cells were then stained with cKit and Sca1 antibodies (Supplementary Table 1 ). After washing, cell sorting was performed with a BD FACS Aria II.
For the analysis of perivascular cells, Sca1 + ECs, ephrin-B2 + ECs and HSC frequency, the above-described protocol was used to obtain a single-cell suspension followed by immunostaining with the appropriate antibodies (Supplementary Table 1 ) together with 2 × 10 5 recipient-derived BM cells. Mice were killed after 18 weeks and the multi-lineage myelo-lymphoid donorderived contribution in the peripheral blood was assessed using flow cytometry analysis. HSC-CRU frequency and statistical significance was determined using ELDA software (http://bioinf.wehi.edu.au/software/elda/) 41, 42 .
Primary culture of ECs and PDGFRβ
+ cells from bone. Tibiae and femurs from wild-type mice were collected in sterile Ca 2+ -and Mg
2+
-free PBS, crushed with mortar and pestle, subjected to collagenase digestion, and filtered and washed thrice to obtain a single-cell suspension. Endothelial cells were then sorted using endomucin antibody (catalogue number SC-65495) and Dynabeads sheep anti-Rat IgG (Invitrogen). Sorted ECs were then plated on dishes coated with fibronectin and cultured in endothelial cell growth medium (EBM-2, Clonetics; Lonza) supplemented with EGM-2 SingleQuots (CC-4176, Clonetic; Lonza). PDGFRβ + cells were sorted from single-cell suspensions using CD140b/PDGFB Receptor β antibody (eBioscience, catalogue number 14-1402-82) and Dynabeads sheep anti-Rat IgG (Invitrogen). Sorted PDGFRβ + cells were cultured on tissue culture plates containing in alpha MEM (Gibco) and 10% fetal bovine serum (Gibco).
Cultures of ECs or PDGFRβ + cells were maintained at 37 °C with 5% CO 2 in a humidified atmosphere. For DFM treatment and subsequent analysis, cultures between passage 1 and 2 were used. Cells were treated with DFM (6.25 mg ml −1 of culture medium) for the duration of 36 h and subsequently cell culture medium (directly) or cells after trypsinization, three washings and lysate preparation were used for ELISA. ELISA. SCF levels in the mice bone supernatant/extracellular fluid (secreted SCF) or cell culture medium (secreted/extracellular SCF) or cell lysate from cultured cells (cellular/membrane-bound SCF) or cell lysate (cellular/membrane-bound SCF) prepared from the single-cell suspension of femurs (see primary culture section) were determined by ELISA kits (Sigma-Aldrich and USCN Business).
CFU-F and MSC differentiation assays. CFU-F assay was performed as described previously 16 . MSC differentiation into osteogenic, chondrogenic and adipogenic lineages was performed using a MSC functional identification kit (R&D Systems) according to the manufacturer's instructions. Fourteen days after differentiation, we performed qPCR analysis. Statistical analysis. All data are presented as either mean ± s.e.m. or mean ± s.d. (as indicated in figure legends) . The data presented in the figures reflect multiple independent experiments performed on different days using different mice. Unless otherwise mentioned, most of the data presented in figure panels are based on three independent experiments. The significance of difference was determined using a two-tailed Student's t-test unless otherwise mentioned. P > 0.05 was considered not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Student's t-test with Welch's correction was performed when group sizes were not equal. For analysis of the statistical significance of differences between more than two groups, we performed repeated measures one-way analysis of variance (ANOVA) tests with GreenhouseGeisser correction (variances between groups were not equal) and Tukey's multiple comparison tests to assess statistical significance with a 95% confidence interval. In all the figures, n refers to the number of mice. For data with unequal group sizes, the first numerical value for n refers to mutants and the second refers to control mice. All statistical analyses were performed using Graphpad Prism software. No randomization or blinding was used and no animals were excluded from analysis. Sample sizes were selected on the basis of previous experiments. Unless otherwise indicated, results are based on three independent experiments to guarantee reproducibility of findings. + cells were frequently found in clusters in thick cryosections (100 μm), but appeared scattered in thin optical slices, which reflects the reported widespread distribution throughout the BM.
In this Letter, the graph for the Fbxw7 mutants in Fig. 2e was a duplicate of the NICD graph. This inadvertently occurred during the reformatting of the accepted manuscript, and the panel has now been corrected in Fig. 1 of this Corrigendum, but has not been corrected in the online versions of the original paper.
In addition, owing to an error during the production process, in Fig. 4a , the age of the mice at the start of the experiment should read 55-65 weeks, rather than 5-65 weeks. This error has been corrected in the online versions of the original paper. 
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